One of the major limitations to exploit enzymes in industrial processes is their dependence on expensive reduction equivalents like NADPH to drive their catalytic cycle. Soluble electron transfer (ET) mediators like Cobalt(II)Sepulchrate have been proposed as a cost-effective alternative to shuttle electrons between an inexpensive electron source and enzyme redox center.
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INTRODUCTION
Enzymatic electrocatalysis is a flourishing area of bioengineering with a plenty of applications in analytics, organic synthesis and diagnostics. [1] [2] [3] [4] [5] [6] [7] A class of enzymes that targets these applications is cytochrome P450 monooxygenases, a super family of heme-containing proteins. [8] [9] [10] [11] [12] [13] [14] In the presence of reduction equivalents, they catalyze the oxidation of substrates 12 involved in biosynthesis and biodegradation pathways, or in xenobiotic metabolism. The high stereoselectivity of these enzymes on a broad range of substrates is a treasure trove for potential industrial applications. However, their exploitation has been limited by their complex nature, low solubility and catalytic turnover and, in particular, the utilization of expensive electron source as nicotinamide adenine dinucleotide phosphate (NADPH). 12 Cytochrome P450BM-3, from soil bacterium Bacillus megaterium, is the most widely studied member of this family. [15] [16] P450BM-3 has a high catalytic turnover with an easy expression and purification, being a soluble, multidomain and self-sufficient system. One heme and two reductase domains (FAD domain and FMN domain, containing the flavin adenine dinucleotide and flavin mononucleotide molecule cofactors, respectively) are linked together as Heme-FMN-FAD in a single polypeptide chain. [17] [18] [19] The enzymatic reaction requires that two electrons be transferred from NADPH molecules to the heme iron by the two reductase domains. Protein engineering approaches successfully improved the technological viability of P450BM-3 by fine-tuning its catalytic parameters and substrate recognition. [20] [21] Recently, fast advancements have been made toward cost effective catalysis in P450BM-3 by regeneration or substitution of expensive cofactor (NADPH/NADH) as a source of electrons. 13, 17 In last decades, electrochemistry of P450BM-3 received considerable attention and various methods have investigated to drive catalytic cycle either by direct contact with electrodes [22] [23] or using molecules as electron transfer (ET) mediators. In the latter case, small 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 soluble compounds, such as cobalt(III)sepulchrate (Co(III)Sep), shuttle electrons from electrodes or other inexpensive electron sources (e.g. zinc dust) to enzyme redox site. 13, [24] [25] However, little is known about the binding and ET mechanism of these mediators to the P450BM-3 at molecular level. To the best of our knowledge, only few experimental studies are devoted to identify the binding sites of ET mediators on the enzyme surface, which are relevant for ET mechanism in these systems. In particular, few mutagenesis studies have also been performed on the enzyme to obtain variants with improved mediated ET capabilities using directed evolution approaches. 24, 26 Strohle et al. proposed a computational method to identify suitable mediators for an artificial ET between an electrode and P450. 6, 27 Some of binding sites of the ET mediators were identified using conventional docking methods. Measured product formation rates could be qualitatively correlated with calculated ET rates providing a simple approach for the prediction of suitable mediators for P450s. However, this approach does not take in account the dynamics of the enzyme, the explicit solvent effects on the protein conformation and ET mediator binding.
Molecular dynamics (MD) simulation is so far the best theoretical approach to study at atomistic level both protein dynamics, and molecular binding mechanisms. MD simulations have been used to investigate the structure and dynamics of P450BM-3 heme [28] [29] and FMN 30 domains in solution as isolated and in their complex. 31 In the last case, we have studied how the dynamics of FMN/heme complex affects the inter-domain ET rate. 31 These simulations evidenced an interdomain conformational rearrangement that reduces the average distance between FMN and heme cofactors. The result was in agreement with the proposed hypothesis that the crystallographic FMN/heme complex is not in the optimal arrangement for favorable ET rate under physiological conditions. 19 ET rate calculations on the conformations sampled along the simulation, demonstrated the occurrence of seven ET pathways between two redox centers, while three of Theory and Computation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Nitrogen, hydrogen, carbon, and cobalt atoms are colored in blue, white, cyan and pink color, respectively.
COMPUTATIONAL METHODS
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Bacchi et al. 35 , is represented. The force field parameters for bond lengths and bond angles of the Co(II)Sep model were adapted from Dehayes et al. 36 and they are reported in 39 observed low and high spin state, respectively. Atomic partial charges were derived using the ChelpG scheme 40 with dipole moment constraint, and they are reported in Table S2 of SI. All the calculations were performed using Gaussian09 package.
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The Lennard-Jones interaction parameters were taken from the GROMOS96 43a1 force field 32 library. 44 In the starting conformation, the coordinates of crystallographic water molecules within 0.60 nm from the HEME domain were also retained, while 1,2-ethanediol molecules were removed. The protonation state of protein residues was assumed to be the same as of corresponding isolated amino acids in solution at pH 7.
GROMOS96 43a1 force field 32 used for all simulations was adopted for consistency with the previous simulation studies of the same enzyme. 45 Parameters of heme cofactor were the same as in our previous paper. 31 The MD simulations were set up for HEME in water and aqueous Hence, the starting confirmation was solvated by stacking an equilibrated box of water molecules to fill the empty space in the simulation box. All the water molecules within 0.15 nm of another atoms were removed. SPC model 42 was used for the water molecules. Finally, chloride counter ions were added by replacing the solvent molecules at the most negative electrostatic potential to obtain a neutral system. These salt conditions have been used for consistency with previous simulations, however, we cannot exclude that the presence of higher concentration of buffering 48 For the calculation of longrange interactions, a grid spacing of 0.12 nm, combined with a fourth-order B-spline interpolation were used to compute the potential and forces between grid points. A non-bonded pair-list cutoff of 1.3 nm was used and updated at every 5 time-steps. Berendsen's thermostat 49 was used to keep temperature at 300 K by weak coupling system to an external thermal bath with a relaxation time constant τ = 0.1 ps. Pressure of the system was kept at 1 bar by using
Berendsen's barostat 49 with a time constant of 1 ps.
The systems were first energy minimized for at least 2000 steps using steepest descent method to remove possible clashes between atoms. After energy minimization, all atoms were given an initial velocity obtained from a Maxwellian distribution at 300 K. A time step of 2 fs was used to integrate the equation of motions. First, the system was equilibrated for 100 ps by applying position restraints to the heavy atoms for solvent equilibration. Hence, position restraints were removed and the systems were gradually heated up from 50 K to 300 K during 200 ps simulation. Finally, production runs of 150 ns were performed for all simulations at 300 K. The GROMACS software package was used to run MD simulations and analysis of trajectories. 50 VMD 1.9.1 51 and UCSF Chimera 52 molecular visualization packages were used for figure preparation. The crystal structure of HEME was used as reference for the analysis of trajectories.
Cluster analysis. Cluster analysis was performed to characterize conformational diversity of protein conformations selected for ET pathway analysis. The Gromos clustering algorithm 53 was used for the cluster analysis. The clustering method is based on the analysis of the root-mean square deviation (RMSD) matrix of a set of atoms from selected conformations along the simulation. 53 A structure is assigned to a cluster if its RMSD from the cluster median structure is within a given cutoff. In this work, the method was applied to the backbone atoms and a RMSD cutoff of 0.11 nm was used.
Electron transfer tunneling. ET tunneling from Co(II) atoms to heme iron was calculated using Pathways program. 33, 54 The model for the ET transfer calculation, as implemented in Pathways, gives an approximate description of electronic coupling matrix and rate constants since it is based on empirical approximations.
For a given protein conformation, the program identifies an effective ET coupling by evaluating the highest electronic tunneling coupling (T DA ) through different pathways connecting donor and acceptor through bonds and space. 33 In particular, the program identify a series of consecutive inter-atomic distances from a given electron donor to acceptor, and whether the electron travel along each of them via a covalent bond (cb), hydrogen bond (hb) or through space jump (sj), contribution (ε) to the pathway T DA are calculated using following empirical expressions:
where R (in Ångstrom) is the distance between two atoms in a path segment. Hence, T DA value is calculated as proportional to the product of all contributions along the electron pathway:
Finally, a non-adiabatic ET reaction rate (k ET ) for a given pathway was estimated using following equation:
where ΔG is driving force and λ is Marcus reorganization energy for the ET reaction, ħ = h/2π
with Plank constant, h, and k B is Boltzmann constant. Difference in the reduction potential of Co(II)Sep and heme cofactor (0.188 eV) was used as a value for ΔG. 19, 26, [56] [57] λ is equal to 0.7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 eV as a good approximation for ET in a system with more than 1.0 nm distance between donor to acceptor. [57] [58] Characteristic ET pathways and the average values of T DA and k ET were calculated from 25 conformations extracted in 2 ns intervals over the last 50 ns simulations. The 2D graphs of the pathways were generated using the graphviz software (http://www.graphviz.org).
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RESULTS AND DISCUSSIONS
General Structural and Dynamics Properties. In Table 2 and Figure Table 2 show small differences in CoSep-water simulations (even at high Co(II)Sep concentrations) that suggests the slight effect of ET mediator on the compactness and overall stability of HEME. The average conformation variations of HEME were analyzed using RMSD per residue (bottom panel in Figure 2 ). At higher Co(II)Sep concentrations (at 25 mM and, in particular, at 100 mM Co(II)Sep conc.), HEME shows smaller deviations from the crystallographic structure than the one observed in simulations at 12.5 mM concentration. In particular, significant differences between the highest and lowest Co(II)Sep concentrations were observed only in correspondence to E/F, F/G and G/H loop regions.
In Figure 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 A relevant aspect of HEME structure is the accessibility of its active site that is regulated by the opening of substrate access channel (SAC). SAC opening can be monitored by distance between Cα of Pro45 and Ala191 residues that is equal to 1.61 nm in the starting CoSep binding to the HEME surface. Co(II)Sep binding to the HEME was monitored by counting the number of contacts between ions and protein within a cutoff distance of 0.6 nm. The
Co(II)Sep molecules diffuse and bind to the HEME in the first 10-25 ns of simulations. In the last 50 ns of the 5CoS (I, II, III), 10CoS and 40CoS simulations, 4, 8 and 37 Co(II)Sep molecules, respectively, steadily bound to the HEME surface with an average distance of 0.17 ± 0.01 nm. Figure 3 shows Co(II)Sep molecules absorbed on HEME surface at the end of 5CoS II (A), 10CoS (B) and 40CoS (C) simulations.
The amino acid composition of the HEME surface was calculated by counting all residues with the solvent accessible surface area, averaged in the last 50 ns of the simulation, larger than 0.35 nm 2 . In Table S3 of SI, the surface amino acids composition for each simulation are reported as the number of hydrophobic, charged, polar, aromatic and glycine amino acids.
The trend is similar for all the simulations. The negatively charged Asp is the most abundant amino acid (~26%), followed by positively charged (22-23%, mainly Lys), polar (22%), hydrophobic (~18%), aromatics (~7%) and Gly (3-4%). Number of amino acid types having more than 6 contacts with Co(II)Sep molecules are reported in Table S4 for each simulation.
Co(II)Sep binding sites, as expected from being positively charged, are prevalently bound to negatively charged (31-49%) and polar (21-27%) amino acids.
In Figure S4 ET tunneling of Co(II)Sep to the Heme. ET tunneling and rate constants have been estimated using 25 conformations, sampled every 2 ns in the last 50 ns of each simulation. The structural differences in the conformers were analyzed using cluster analysis (see Methods) using a combined trajectory of 150 conformations from all simulations. In Figure S3 of SI, backbone RMSD matrix calculated on the combined trajectory is reported. RMSD values are up to 0.16 nm within each simulation, and larger than 0.3 nm among the six simulations evidencing in this case a large conformational diversity. The largest deviations occur between the conformations from WAT, 5CoS and 10CoS
simulations. Cluster analysis on the combined trajectory gives 61 clusters, which are mainly localized within each simulation, as shown in the lower triangular part of RMSD matrix in Figure S3 of SI.
The 25 conformations were used to perform the calculation of the ET pathways as described in the Methods section. The pathway analysis gives a total of 112 surface residues involved ET pathways. In Table 3 (18) are wired to the heme iron through pathways yielding k ET ≥ 10 s -1 .
The eighteen amino acids involved in pathways with k ET ≥ 10 s -1 are reported in Table 4 .
These residues are the part of B, C and I helices, and B/B', B'/C, C/D and H/I loops. Among these, H100, P105, E244, H388 and N397 amino acids are also localized at FMN/HEME interface as in the crystal structure (PDB-ID: 1BVY), and from our recent simulation study of HEME/FMN complex. 31 The other binding site residues are observed on distal side of HEME in proximity of near the SAC. In Figure 4A , Co(II)Sep binding residues, listed in Table 5S , are represented as van der Walls (VdW) sphere on the crystal structure of FMN/HEME complex. 44 ET to heme iron, and they are localized in specific locations as in proximity of the SAC and at the FMN/HEME interface. Interestingly, the last one has been optimized by the nature to enhance the ET between reductase and HEME domains. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21
The pathways formed by cluster of residues from the selected Co(II)Sep molecules are partially interconnected and forming a network. In Figure 5 and S6, the combined ET pathways network obtained from all the simulations are reported. In order to simplify the visualization, the network of Figure 5 shows only the pathways with k ET ≥ 10 s -1 and occurring in the analyzed conformations more than 5 times. The number of bonded Co(II)Sep molecules are in total three, two and six from the 5CoS(II), 10CoS and 40CoS simulations, respectively. For k ET ≥ 10 s -1 , this number reduces to 9 since only one pathway 5CoS simulation fulfills this condition.
The different pathways are represented in different colors and the line thickness is proportional to the number of protein conformations in which the same pathway was observed.
In Table S5 , S6 and S6 of SI, these pathways are listed with their average k ET values and occurrences in the selected conformations in the different simulations. The graph clearly shows that most of the Co(II)Sep molecules docked to gateway residues for 7 preferential pathways (tick lines). Beside the residues present in these main pathways, there are several other ones involved in the formation of transient and secondary ET lanes along the main routes (see Figure   S5 ). In addition, although in a less extended, interconnectivity among principal pathways from different Co(II)Sep molecules is also observed (see Figure S5 ). The main pathways comprise from 1 to 6 intermediate amino acids (in the extended graph of Figure 5S , pathways can comprise up to 8 amino acids). The pathways amino acids composition is 20% hydrophobic, 40% polar, 20% charged, 10% glycine and 10% aromatics, with the charged residues as binding residues as mentioned before.
These networks reflect the local structural organization of the residues involved. In Figure   6 , as representative examples, residues involved in the ET for the last simulation conformation from the 10CoS and 40CoS simulations are shown. For the 10CoSep simulation, two preferential 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 pathways have starting from Asp84 (Co1_10) and Ser106 (Co5_10) residues (see Figure 5 ) are present. As shown in Figure6A, they comprise 3 and 4 amino acids, respectively located in B'/C loop (D84, G85 and A86), helix C (S106 and F107), and K/L loop (I401 and C400). The pathways starting from Co5_10 are located in proximity of the FMN/HEME binding interface of the complex, the other one on the opposite side (see Figure 4 and 6A).
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Experimental mutagenesis studies at the HEME binding positions of Co(II)Sep observed in this study are indicated in the last column of Table 4 and Table 5S of SI. To the best of our knowledge, only one experimental study on the activity of P450 BM-3 wild-type and mutants, with improved activity with respect WT P450 BM-3, has been reported in the literature for this system. 24 The improved HEME mutant, obtained by directed mutagenesis methods, contains the following substitutions F87A, R47F, V281G, M354S, D363H. Interestingly, the mutation D363H (see Table 4 and Table S5 ) coincides with one of the identified residues involved in low rate ET pathway (k ET < 1). However, considering the large number of mutations, it is difficult to make any conclusion on its role on the enhanced enzymatic activity of this mutant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The results also showed that Co(II)Sep ions tend to be absorbed rapidly by the protein surface and remain bounded to it. This suggests that the oxidized form Co(III) of the mediator, having a stronger electrostatic affinity with negative amino acids than the reduced one, can more strongly bound and, eventually, saturate all the binding sites of the protein surface. In this conditions the reduction of Co(III)Sep ions might take place either directly by electron source (e.g. zinc dust) or indirectly by other reduced electron mediators present in solution. In order to achieve a high productivity in electro-enzymatic processes, ET from mediator to enzyme redox center is one of the most important parameters to achieve the overall goal of high product formation. 69 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Finally, the presented study evidences how MD simulation is an important tool for a rational process development of electro-enzymatic processes. 70 The more knowledge gained about the process on a molecular level, the more accurate models can be developed, and thereby improved predictions for future designs are possible. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 34 of 38
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